Skeletal muscle shows dynamic changes in mass that correlate with activity and weight bearing loads. The electrical excitation of the muscle of Procambarus clarkii (Girard, 1952) used in this study is graded which requires refined nerve-muscle matching in synaptic efficacy. We used the anterior levator (a.l.) muscle in crayfish as a model to address matching of the extent of nerve terminal and muscle size. This muscle repetitively becomes loaded and unloaded for various lengths of time due to limb autotomy. When an adult P. clarkii loses a cheliped, by autotomy, the a.l. muscle will atrophy over time. The leg stump still moves suggesting functional innervation. During atrophy, the muscle is drastically reduced in mass as compared to the contralateral control with a functional intact cheliped. The a.l. muscle is innervated by multiple excitatory neurons and at least 1 inhibitory neuron. Since the innervation is less extensive and identifiable for the inhibitory neuron the focus was on the innervation profile based on anti-GABA immunocytochemistry. Preliminary findings based on electron microscopic images of a few samples suggest that terminals on atrophied muscles have fewer synapses than terminals on control muscles. In addition, the extent of terminals on atrophied muscle is much more extensive as compared to muscle per surface area for animals with intact chelipeds. The atrophied muscles appear to be hyperinnervated when considering terminal length per surface area of muscle fiber.
INTRODUCTION
How synapses form throughout development and are maintained are key questions in understanding the function of the nervous system. This topic is being addressed by approaches using genetics (Goldstein et al., 2012) , to whole brain imaging (Owen et al., 2012) across various animal models and types of synapses (Pacifici et al., 2011; Turner et al., 2011) . Investigating synaptic connections at identifiable cells, such as at the neuromuscular junction (NMJ), provides details that are difficult to examine within the central nervous system due to the complexity and accessibility. Examining identifiable terminals at NMJs allows one to readily obtain gross morphometrics as well as addressing ultrastructure of the terminal. The NMJ has proven to be very advantageous over the years in understanding synaptogenesis, plasticity, and maintenance of synaptic structure and function (Grinnell, 1995; Sanes and Lichtman, 1999) which has been applicable for many types of synapses.
The physiological studies of synaptic communication at NMJs provided the basis for the quantal hypothesis of transmission for all chemical synapses (Fatt and Katz, 1953a; Del Castillo and Katz, 1954) . Besides development and maintenance issues, NMJs allow one to examine the regression of synapses and reformation that are not as readily studied in an intact CNS. Activity dependence of motor neurons share analogous principles of synaptic development and maintenance with central synapses (Hubel and Wiesel, 1970; Marques, 2005) . It is of interest in both the CNS, as well as at the NMJ, to examine how a target influences the presynaptic terminals in development and establish connections which remain semi-stable (Balice-Gordon et al., 1990; Lomo, 2003) . Graded synaptic responses of the crayfish NMJ require fine regulation in synaptic transmission for producing coordinated muscle contraction as compared to mammalian muscles, since exceeding a threshold induces an action potential for most mammalian skeletal muscles. The use of NMJs in crustaceans set the stage for many future investigations in synaptic physiology (Fatt and Katz, 1953a, b; Cooper and Cooper, 2009 ). Unloading of musculature in crustaceans (Velez et al., 1981) and mammals results in muscle mass regression which can also be induced with reducing postsynaptic activity (Edgerton and Roy, 1994; Talmadge, 2000; Deschenes et al., 2003) . In addition, unloading a muscle is a means to experimentally simulate weightlessness (Ohira, 2000; Kawano, 2004) , which is of interest in addressing environmental conditions of space on motor units and skeletal muscle function. There are numerous topics to be addressed in the cellular responses that result in a functioning muscle fiber to degenerate with disuse or unloading while continuing to physiologically function (Reid, 2001 (Reid, , 2005 Herrera and Zeng, 2003) . The electrical properties of the plasma membrane also need to be regulated with muscle fiber growth or atrophy in order to allow the muscle to remain functional during the dynamic changes in force of contraction and ionic balance. The interest of this study is addressing motor nerve terminal morphology in a unloaded and reloaded muscle. The synaptic homeostasis at crayfish NMJs, particularly for these graded synaptic connections, is of interest as a potential model in post-and pre-synaptic communication for future mechanistic studies Mykles et al., 2002) .
The experimental use in crayfish muscle is of interest due to most fibers being non-spiking and having few motor neurons, one-to-several, which innervate any given skeletal muscle (Atwood, 1973) . In addition, the inhibitory motor neuron of the anterior levator (a.l.) muscle can be selectively stained by immunocytochemistry for GABA (Griffis et al., 2001 ). The crayfish, Procambarus clarkii (Girard, 1952) , is bilaterally symmetric in the chelipeds so contralateral muscles can be used as internal controls. Thus, the extent of inhibitory innervation on the levator muscle was used to compare to the contralateral unloaded atrophied levator when a cheliped was removed as well as when the limb regenerated. Chelipeds can be induced to autotomize at given periods prior to examining the NMJs. Since regeneration of limbs as an adult for many crustaceans is a normal life process (Morgan, 1900; Zeleny, 1908) , the mechanisms of nerve-muscle matching might be accentuated to handle repetitive loading and unloading throughout adult life stages.
The biochemical phenotype of the a.l. muscle was discribed previously (Griffis et al., 2001) . The protein profile reveled this muscle to contain both slow and fast fiber types; however, the protein banding profile on SDS-PAGE gels was more similar to slow muscle fiber type than to a purely phasic (fast) muscle types. The mixed profile is expected for the a.l. muscle since mixed muscle type in crustaceans occurs when both tonic and phasic motor nerve innervation is present (Bradacs et al., 1997; Cooper et al., 1998; LaFramboise et al., 2000; Sohn et al., 2000; Griffis et al., 2001; Mykles et al., 2002) . The a.l. muscle is mixed in the excitatory innervation (Moffett, 1987; Griffis et al., 2001 ).
This study is a preliminary investigation into the morphological matching of nerve terminal innervation related to a changing surface area of the a.l. muscle during unloading and reloading due to limb autotomy.
MATERIALS AND METHODS

Animals and Cheliped Measures
Adult red swamp crayfish, P. clarkii (Atchafalaya Biological Supply, Raceland, LA, USA), were used throughout this study. Animals were housed in an aquatic facility and fed dried fish food weekly. Live weights of the intact crayfish were measured, before and after dissection, as were the normal and regenerated limbs (from the autotomy plane forward). An additional measure of cheliped size, the length of the dorsal propus, from the carpus-propus joint to the hinge of the propus-dactylus joint, was measured for each limb ( Table 1 ). The paradigms used in this study for obtaining different degrees of muscle atrophy or regrowth are shown in Fig. 1 . The first paradigm includes crayfish with intact chelipeds which serves as a control reference for the other paradigms. The second paradigm is crayfish with one cheliped autotomized without a regenerate appearing at the fracture plane and examine the NMJ after four months. The third paradigm is crayfish with a cheliped that was autotomized but has regenerated. The last paradigm includes both chelipeds autotomized.
Dissection
The dissection techniques used were as outlined in Griffis et al. (2001) . In short, the abdomen, the gill chamber, and the walking legs are removed. The remainder of the cephalothorax is cut down the ventral midline. This allowed visualization of the musculature. Dissected preparations were maintained in crayfish saline, a modified Van Harreveld's solution: NaCl (205 mM); KCl (5.3 mM); CaCl 2 + 2H 2 O (13.5 mM); MgCl 2 + 6H 2 O (2.45 mM); HEPES (0.5 mM) at pH 7.4. Muscles were kept intact until fixation with both the proximal and distal attachments in place with the muscle in a fully stretched position.
Nerve Terminal Visualization
The nerve terminals were visualized by use of the vital stain 4-Di-2-ASP (4-[4-(diethylamino)-styryl]-N-methylpyridinium iodide; Molecular Probes, Eugene, OR, USA) in crayfish saline (Magrassi et al., 1987) . This approach Table 1 . Morphometrics in the extant of innervation on the levator muscle. The muscle surface area is the surface area of the muscle bundle that was followed for nerve terminals measured. The area was calculated by length × width of surface facing the viewer. This is a planar surface area, not considering the perimeter of the fiber. TL/SA is the total terminal length per surface area of the muscle bundle. An asterisk indicates the muscle with the greatest degree of atrophy which has the largest ratio of nerve terminal length per surface area of the muscle. stained all the terminals (excitatory and inhibitory). Following a wash with fresh saline, nerve terminals were visualized and photographed with a Nikon epifluorescence microscope using a 40× water immersion lens.
Immunocytochemistry
For examining the inhibitory nerve terminals with anti-GABA antibodies the muscles were fixed with 2.5% (v/v) glutaraldehyde, 0.5% (v/v) formaldehyde dissolved in a PBS (phosphate buffer solution) for 1 hr with two changes of solution at room temperature. The PBS solution consisted of 9.5 ml 0.2 M NaH 2 PO 4 · 2H 2 O, 40.5 ml 0.2 M stock Na 2 HPO 4 · 7H 2 O and 4 g sucrose, brought to 100 ml with H 2 O. The muscles were placed into vials and washed in PBS buffer containing 0.5% (v/v) Triton X-100 and 1% (v/v) normal goat serum (Gibco/BRL, Grand Island, NY, USA) with three changes of solution at room temperature for 1 hour. The muscles were then incubated with the primary antibody to GABA (Sigma, 1:1000 in PBS buffer) on a shaker at room temperature for 12 hours followed by three washes in PBS. The muscles were then incubated with secondary antibody (goat, anti-rabbit IgG conjugated with Texas Red, Sigma), diluted 1:200 in PBS, at room temperature for 2 hours. The muscles were washed twice with PBS and mounted in antifade mounting media. The nerve terminals and muscles were observed with a Leica DM IRBE inverted fluorescent microscope with appropriate illumination. The composite images of Z-series were collected with a Leica TCS NT confocal microscope for illustration and quantifying morphological parameters.
Analysis of Terminals J-Image software was downloaded from the National Institute of Health (USA) and used for tracing the terminals. The scale bar on the image was first traced for an internal calibrations for the software. The various terminals were then traced for their entire length. The muscle bundle used for the analysis was the longest and most distal bundle in each preparation. This was to standardize the location of the fibers used for comparative purposes. The muscle bundle was also measured for its width and length in order to calculate surface area that was innervated.
Transmission Electron Microscopy (TEM)
All preparations were fixed in a 2.5% gluteraldehyde, 0.5% formaldehyde buffered solution (0.1 M sodium cacodylate, 0.022 wt% CaCl 2 , 4 wt% sucrose, and adjusted to pH 7.4) for one hour with two changes and post fixed with a 2% osmium tetroxide buffered solution and embedded in Eponate 812. The samples were serially thin sectioned on a Reichert ultracut microtome and post stained with uranyl acetate and lead citrate. Sections were then viewed on a FEI: Philips Tecnai, Bio Twin 12 model transmission electron microscope at 80 kV.
RESULTS
Muscle Atrophy When Unloaded
Levator muscles taken from a crayfish that had one or both chelipeds removed four months earlier showed a dramatic reduction in size and thickness of the muscle bundle on the side with the removed cheliped. Difference where one side had a cheliped removed and the other side was left intact, the comparison in muscle morphology is strikingly different (Fig. 2) ; the loaded and unloaded muscles both show a whitish color and the same length, but the difference in thickness of the muscle bundles is apparent.
In animals where the muscle was re-loaded by allowing the limb to regenerate, the comparison in muscle mass to controls is not substantially different. Such animals took about six months to grow back a limb the size of the one shown for Fig. 1C . The symmetrical nature of the crayfish allows for comparisons from left and right sides. Crayfish that had both chelipeds removed were able to be compared to ones in which no chelipeds were removed.
After the muscles were dissected out of the animal, they were prepared for various procedures. Some preparations were prepared for transmission electron microscopy (TEM) and others were prepared for immunocytochemical staining to image the extant of neural innervation along the length of the muscle fiber.
Transmission Electron Microscopy
In processing the muscles for TEM the staining procedures turned the muscle black which allowed for good contrast photographs (Fig. 2B) . The muscles shown in Fig. 2A are the same as those processed for TEM in Fig. 2B .
The non-atrophied muscle revealed the innervation of multiple terminals and robust muscle fibers (Fig. 3A) . Synaptic vesicles along with pre-and post-synaptic thickenings are visualized in higher magnification of the terminals (Fig. 3B) . The mitochondria are numerous within the terminal. The motor nerves innervating a atrophied a.l. muscle, from a cheliped removed 4 months earlier, contain mitochondria around the periphery of the axon and a cytoplasm matrix as commonly observed in crayfish motor axons (Bradacs et al., 1997) (Fig. 4A) . The skeletal muscle after 4 months of unloading is drastically reduced in size due to the atrophied muscle fibers (Fig. 4B) . These atrophied muscles appear to have lost the mass within the muscle fibrils with dense structures that appear to be myosin with the loss of the surrounding actin. This is also a phenomena that appears in human muscle with unloading due to spaceflight with more loss of actin than myosin with muscle atrophy (Fitts et al., 2010) . The nerve terminals are reduced in size and contain few mitochondria (Fig. 4C) . Vesicles are still observed within the terminals which appear to be present in clusters but synapses are not observed as readily in serial thin sections. The subsynaptic reticulum contains numerous spaces not observed in muscles that remain loaded (Fig. 4D) .
Immunocytochemistry: Anti-GABA The ability to stain selectively one axon and its terminals on the muscle allows one to quantify a single neuron's innervation profile on the muscle with the various experimental Fig. 2 . A, levator muscles from a crayfish with one normal sized cheliped (left) and one that was autotomized 4 months earlier (right). Note the massive muscle atrophy when it was unloaded. B, same muscles shown in left (A) panel but processed for electron microscopy to examine nerve terminals. Fig. 3 . Innervation of the motor neuron on loaded a.l. muscles. A, multiple terminals and robust muscle fibers are readily observed; B, enlarged view of panel A, which illustrates the synaptic vesicles (double arrow head) within the presynaptic terminal, pre-and post-synaptic thickenings are visualized demarking the synapse (white arrows); C, SR-subsynaptic reticulum. Scale bars (black bar within white): A, 2 μm; B, 500 nm.
paradigms. The opener muscle of the crayfish walking leg was used as a control for anti-GABA immunocytochemistry since only one of the two axons is known to contain GABA (Fig. 5A) . Two neurons (excitatory and inhibitory) and their terminals are readily seen when staining the live preparation with 4-Di-2ASP (Fig. 5B) .
Representative preparations are shown in Fig. 6A1 , B1 for a normal loaded muscle and one that was unloaded that had the cheliped removed four months earlier. The black line on the edges of the muscle bundles show the boarder of the bundle and the red lines depict the various terminals of the inhibitor axon for the loaded and unloaded muscle (Fig. 6A2,  B2 ). To better illustrate the measures used (Fig. 6A3, B3) , we show only the traced lines without the muscle.
Measurements
The measurements associated with the nerve terminals and muscle morphology is shown in Table 1 in each of the four experimental paradigms. The ratio of the nerve terminal length to dorsal muscle surface area is the most useful for comparison as this measure standardizes the differences among different size crayfish. The muscle with the greatest degree of atrophy has the largest ratio of nerve terminal length per surface area of the muscle. These particular muscles are indicated with an asterisk ( * ) in Table 1 .
When taking these measures of nerve terminal length, we noticed the appearance is different than on control muscles. The nerve terminals on muscles that were atrophied showed many squiggles (Fig. 7) . It appears that the muscle mass atrophies at a quicker rate than the nerve terminal being able to regress.
DISCUSSION
In this report we noted that the a.l. muscle will atrophy when it is unloaded and regain its mass upon loading. We also note that the inhibitory nerve on this muscle can readily be identified by a mouse anti-GABA antibody which allowed the innervation profile to be quantified. During atrophy the inhibitory nerve terminal gives an appearance of the muscle being hyperinnervated as compared to control muscle when considering per surface area of muscle bundle. The axons and nerve bundles show squiggles on the atrophied muscle likely from the membrane not being able to be internalized fast enough to match the muscle atrophy (Deschenes et al., 2003) . The appearance of the nerve terminals is not sufficient for prediction of functional innervation as the terminals on atrophied muscle have few synaptic sites in comparison but do contain vesicles. Perhaps it is more energy saving to allow the nerve terminals to have excess terminal structure on a muscle since it might regain its normal size in a relatively short time. However, the removal of synaptic structure may reduce the extent of transmission to maintain synaptic homeostasis. Similar muscle atrophy exists for unloading of muscle with astronauts in space for short periods of time without appropriate exercise (Kawano, 2004) . Also with muscle disuse, the nerve terminals may alter their functional state while appearing to be unchanged in the general extent of innervation. Thus, ultrastructure needs to be confirmed for a finer resolution of potential synaptic changes.
The TEM serial sections of the nerve terminals on normal and atrophied muscle indicated synaptic vesicles within the terminals on the atrophied muscle but terminals are smaller in diameter and synapses are not as common. This would imply that the terminals are not as high in synaptic efficacy when active. The smaller diameter terminals could add extra membrane that might have otherwise appeared as vesicles or add to the length of the terminal. This could potentially be responsible in part for the squiggles in the long terminals on atrophied muscle.
Perhaps by using the dye FM1-43, which is taken up in vesicles during recycling for all terminals, one could make comparisons if atrophied NMJs showed less staining which would mean fewer vesicles were recycling. This approach might be the most straight forward approach to address the physiological differences of the NMJs for normal and Fig. 4 . The morphology on the motor unit on unloaded muscle. A, axons of motor nerves appear normal with a robust cytoplasmic matrix and mitochondria (arrows mark mitochondria for a single axon); B, unloaded muscle exhibits extensive muscle fiber atrophy; C, terminals on the unloaded and atrophied muscles appear small although still contain vesicles, but few synapses; D, there are large gaps present within the subsynaptic reticulum in the atrophied muscles. Scale bars: A, 2 μm; B, 500 nm; C, 100 nm; D, 500 nm. atrophied muscles. Various questions remain to be addressed in this system: Is it the lack of neural activity that causes the change? Is there a retrograde message from the muscle to the nerve that results in the synaptic regression? Retrograde signals at the frog, mouse, and Drosophila are known to alter presynaptic nerve terminals (Herrera and Grinnell, 1980; Grinnell, 1995; Herrera and Zeng, 2003; Bogdanik et al., 2004) .
Such potential signals likely exists at crustacean NMJs but the molecular nature of them have not yet been identified. As a future study it would be of interest to identify the anterograde and retrograde signals at NMJs in crustaceans that allow these dynamic changes to occur as well as maintain stable synaptic homeostasis. There are many species of crustaceans that have unique features in motor units which may provide a wide range of possibilities for addressing if commonalities exists or if specialized mechanisms are present. There are still basic phenomenological experiments that need to be conducted which can help to develop experimental paradigms to use in order to target molecular studies. If the a.l. muscle could remain loaded but with a cheliped removed, this would address if it is load alone or if the loss of sensory inputs which dampen the motor drive resulting in muscle atrophy. One might be able to add weights to the limb stump to maintain a load to the a.l. muscle or even accentuate an increase in load to a limb left intact which may lead to hypertrophied muscle. A tendonectomy will unload the muscle with maintaining the sensory input to the motor units within the CNS. Perhaps the nerve terminals would regress faster since the muscles would not be able to generate any substantial tension not even passive tension (Velez et al., 1981) . Such future manipulations in crustacean preparations will allow one to address mechanisms in muscle to nerve and vice versa while making use of relatively simple preparations in regards to the innervation profile and accessibility.
The cellular mechanisms of muscle atrophy and growth with disuse, unloading, loading and activity is an area of active interest (Siu, 2009; Sudo and Kano, 2009; Chae et al., 2011) . The unique nature of skeletal muscle is the fact that it is multinucleated and the reduction or increase in mass that can occur does so in a manner that still allows muscle to function during the transformation (Dupont-Versteegden, 2005; Quadrilatero et al., 2011) . What signals the a.l. muscle, used in this present study, to atrophy or grow is unkown. There are known satellite cells present on the surface of skeletal muscle in crayfish . They have not been observed under the external lamina by the staining method used for Procambarus clarkii (Harrington and . However, Novotova and Uhrik (1992) , in a different species of crayfish, observed some satellite cells potentially within the muscle cell. It remains to be determined if these satellite cells observed in crayfish are dormant myoblasts that can be used during muscle hypertrophy or regeneration. Recently it was clearly demonstrated in mice that satellite cells on mucsle are not necessary for muscle fiber hypertrophy (McCarthy et al., 2011) , but they maybe used for forming new fibers and fiber regeneration. With relatively large muscle fibers, the dynamic nature in atrophy and growth as well as regeneration of limb skeletal muscle in adults, the crustaceans may prove to be a useful model to investigate the interdigitation process of thin and thick filaments during these changes. This cellular process in growth of actively contracting muscle is still an unsolved phenomenon but head way is being made by use of genetic and mutational studies in Drosophila melanogaster (Rui et al., 2010) .
The NMJs in invertebrates serve as usefull models for investigating synaptic homeostasis due to their graded responses and requirment for tight matching in muscle depo- larization and force generation. The forward and retrograde signaling mechanisms for homestatic regulation of synaptic function in general is still being tackled and many of the cellular processes are being identified at NMJs. The advantages in genetic manipulations of Drosophila melanogaster have opened many avenues into the pre-and post-synaptic regulation of synaptic maintainence and organization during devlopment (Stewart et al., 1996; Li et al., 2002; Xing et al., 2005; Frank, 2006; Henry et al., 2012; Penny et al., 2012) . The regulation in complexity of synaptic structure in conjunction of synaptic strength appear to be common among D. melanogaster and crayfish Cooper, 1995, 1996a, b; Cooper et al., 1996; Stewart et al., 1996; Johnstone et al., 2011) . The postsynaptic glutamate receptors also show similar pharmacological profiles (Lee et al., 2009) . As compared to insects, the dynamic intrinsic nature in limb regeneration, atrophy and regrowth with molting may offer additional advantages in mature crustaceans. The large size and rapid growth of muscle in some crustaceans have yet to be tapped for investigation into the molecular mechanisms in synaptic homeostatic regulation. The similarities among the species suggest a default in low metabolic stasis in muscle mass and synaptic transmission, as disuse promotes rapid muscle atrophy, nerve terminal structural and functional degradation in insects and rodents (Kidokoro et al., 2004; Marimuthu et al., 2011; Talbert et al., 2013 ) as compared to activity promoting growth and synaptic stabilization. How the synapses maintain an organized synaptic efficacy to match muscle needs during regulated growth or atrophy continues to be allusive.
Understanding the molecular mechanisms in dynamics of muscle growth and atrophy can help in understanding disease processes for potential therapy in humans (Gielen et al., 2003; Chin, 2005; Dupont-Versteegden, 2005; Tisdale, 2007; French et al., 2008; O'Leary and Hood, 2008; Glass, 2010; Reid and Moylan, 2011) . The potential mechanisms to reduce protein synthesis in muscle may in part be due to apoptotic cascades known in other cell types (Li et al., 2001; Parise and De Lisio, 2010) . Thus, various cellular responses need to be investigated as the processes may apply to skeletal muscle. In addition, comparative studies in invertebrates does allow ease in experimentation not so readily obtained in mammals and can set a stage for screening various mechanisms that are applicable for mammals (Brand and Livesey, 2011; Pandey and Nichols, 2011; MacLea et al., 2012; Neckameyer and Argue, 2013) .
